We have developed a method that enables us to in situ observe full photoluminescence (PL) spectra of n-type GaN film under plasma conditions. By subtracting background plasma noise from the total one, respectable luminescence of GaN film can be successfully obtained. After the plasma exposure, the near-band-edge emissions and yellow luminescence decrease but the blue luminescence intensity increases mainly due to the top surface damage of the GaN film. The results give us evidence that this in situ PL probe method can be potentially used for real-time damage monitoring of GaN film surfaces in plasma processes. #
G aN and other III-V nitrides have attracted a great deal of attention due to their remarkable features such as wide band gap, high breakdown field, and high saturation drift velocity 1) and its related applications like the implementation of blue light emitting diodes and semiconductor lasers.
2) More recently, GaN-based materials have been much developed to be used in applications and devices. In some applications, in order to produce a controllable and uniform GaN film, the fabrication may require a plasma treatment such as etching. However, due to the introduction of defects after etching, the optical and electronic properties of the GaN are altered. 3, 4) On the other hand, the etching damage in the n-type GaN thin films caused by the inductively coupled plasma (ICP) has been investigated after the plasma etching, 5, 6) and the optical fluorescence of the GaN films has been seldom observed in situ under the plasma conditions such as during the plasma etching process. One possible reason is that the plasma usually has energetic electrons, which cause various strong optical emissions with a wide range of wavelengths. Therefore, it is hard to distinguish the weak luminescence of the GaN films from the total luminescence containing the sharp optical emission from the plasma.
Here, we have developed a method that enables us to observe in situ the full photoluminescence (PL) spectra of GaN under plasma conditions and have investigated their optical properties modified by the plasma exposure. The results give us evidence that this in situ PL probe method may lead to potential use for real-time damage monitoring of GaN film surfaces in plasma processes.
The schematic diagram of the experimental apparatus is shown in Fig. 1 . The main apparatus such as an ICP source is very similar to that used in our previous study. 7) A one-turn discharge coil is wound around a quartz cylinder, which has the length and bottom diameter of 12 and 10 cm, respectively. An argon ICP is generated at a fixed pressure of 10 mTorr and provides 13.56 MHz RF powers in the range of 0-400 W through the coil. It is noticed that if the power is larger than 100 W, we cannot distinguish the luminescence of the GaN film from the luminescence of the plasma by visual observation. Compared with the luminescence of the above 100 W plasma, the GaN film luminescence is weaker and embraced. So, we measured the PL signal with gated accumulation during plasma-off period in the pulsed discharged plasmas. The pulse of the discharge is performed by timing voltage pulses with a square wave of 1 kHz frequency and 500 s width. The pulse of the ICP source is synchronized with the modulated discharge, which results in the same period but delayed phase between the timing pulse and the modulated discharge.
A sample holder with a 2-m-thick n-type GaN film deposited on a sapphire substrate is introduced to the plasma and located 6 cm above the bottom. In order to observe the GaN film luminescence from outside of the quartz cylinder, the holder surface has been tilted by 45 with respect to the target surface. In this work, instead of high-energy electron beam generated by a negative high-voltage source of the previous work, 7) a UV light source is used to induce the luminescence of the GaN film. After the light generated by a Hg-Xe lamp passes through a UV transparent filter and interference filter, the 313 nm UV light is obtained in our experiment. The GaN film luminescence is guided by an optical fiber to a multichannel spectrometer with a gated image intensifier. In order to improve the signal-to-noise ratio of the multichannel spectrometer, the gate open time is synchronized with the ICP source (indeed, it is synchronized with the modulated discharge). The gate duration of the image intensifier is fixed at 200 s and their phase difference is 750 s. That is, after 250 s from the discharge off time, the gate of the multichannel spectrometer opens for 200 s and the data of the luminescence spectra are obtained. Then, we make data accumulation by 1000 shots, and the data of the luminescence spectra are transferred to a computer. As a result, the GaN film luminescence is typically obtained within 200-ms time interval. It should be pointed out that there should be no luminescence obtained using the spectrometer during the time interval of the plasma discharge power theoretically, but the luminescence of the plasma (later called plasma noise) cannot be ignored when the plasma discharge power is over 100 W in our experiment. In addition, in order to increase the luminescence of the GaN film, the 313 nm UV light is focused on the sample's surface by a lens. Because the reflection of the 313 nm UV light is very strong, a shortwave-cut filter is used to cut the light with the wavelength of less than 350 nm before the GaN film fluorescence is introduced to the spectrometer. The temperature of the GaN film under the plasma conditions is measured simultaneously using a thermometer when the luminescence spectra are obtained.
Typical luminescence of the n-type GaN film sample with 50 W plasma noise is shown in Fig. 2(a) . Figure 2(b) shows the enlarged diagram of the plasma noise in Fig. 2(a) . After the total luminescence [blue line in Fig. 2(a) ] including the GaN film and plasma noise luminescence is subtracted by the plasma noise luminescence [red line in Fig. 2(a) ], the GaN film luminescence is obtained [green line in Fig. 2(a) ]. It is noted that the plasma noise is quite small compared with the luminescence of the GaN sample when the plasma pulsed-discharge power is 50 W. As shown in Fig. 2 , we can observe two significant characteristic optical luminescence of the GaN film, namely, a 365 nm (about 3.40 eV) peak in the wavelength range of 350-380 nm and the so-called yellow luminescence (YL; the center is about 2.20-2.30 eV) band 8, 9) in the wavelength range of 480-700 nm in our experiment. The 365 nm peak corresponds to near-band-edge (NBE) emissions of the GaN film, which is also similar to the experiments employing a cathode luminescence technique.
7)
The previous studies show that the YL of the GaN film may result from the radiative transitions from a shallow donor to a deep acceptor, presumably a V Ga -C N complex 10) and be related to the presence of donors and metastable defects in the material in some way. 11) In our experiment, it is believed that the YL generally results from electronic transitions between intermediate energy levels in the energy gap, which is strongly related to defect sites in the GaN film. Additionally, in Fig. 2(a) , one also finds that a broad blue luminescence (BL) band in the wavelength range of 400-480 nm appears. Figure 3(a) shows the luminescence of the n-type GaN film sample with 400 W plasma noise. The luminescence intensity of the plasma noise is very large. It can be compared to the luminescence of the GaN film. But after we subtract the 400 W plasma noise, the GaN film luminescence is clearly obtained as shown in Fig. 3(b) . It indicates that using the method employed in our experiment makes in situ observation of GaN film luminescence viable even in the high-density ICP. In Fig. 3(b) , one can easily find the NBE emission band in the wavelength range of 350-380 nm and the YL emission band in the wavelength range of 480-700 nm, separately. Simultaneously, with the increasing ratio of the BL to the YL bands, the YL band extends to the BL band, so that we cannot define the YL and BL bands in the wavelength range of 400-550 nm in the spectra. As the previous study shows, the Ar- plasma etching induces physical ion bombardment, which may cause the BL band in the near-surface regions of GaN samples. 11, 12) It is estimated that the appearance and intensity increase of the BL band in our experiment may be related to the plasma process of the near-surface regions of the GaN film even with no bias applied.
In order to detail the plasma affect on the GaN film, roomtemperature luminescence of the GaN film before and after the plasma exposure is studied. As shown in Fig. 4 , the plasma exposure definitely induces an increase in the BL intensity in addition to a significant decrease in the NBE and YL ones. The damage of the GaN film surfaces by the Ar-plasma etching was previously reported to consist of two defective layers in the top surface regions, one is the nitrogen-deficient surfaces limited to the top few monolayers and the other is the defect propagation region, due to the preferential etching of nitrogen. 13) However, the PL measurement results give the information of the near-surface regions rather than the top surface regions of the GaN film. 14) In our experiment, the Ar plasma exposed is considered to cause nitrogen deficiency and defects, resulting in non-radiative damage of the GaN film on the top surface region. Therefore, the intensities of characteristic NBE and YL decrease, mirroring the decreasing total GaN number of PL. Additionally the BL observed is considered to be associated with point defects into deeper lying regions 15) than the non-radiative defects via the nitrogen deficiency. And the defects in the GaN probably increase with the plasma process. As a result, the BL band appears in the PL spectra, and with the increasing plasma damage or process, it is quite reasonable that the BL intensity increases.
This work was mainly focused on the in situ probe of ntype GaN thin film luminescence under plasma conditions by a PL technique, and their optical properties modified by the plasma exposure have been investigated. The experiments show that the method presented above can detect the GaN film luminescence even with the large background noise from ICP. NBE emissions and YL and BL bands are clearly observed in the spectra. Compared with the luminescence of the GaN film before and after the plasma exposure, it is noted that the intensities of the NBE and YL decrease, but simultaneously, the BL intensity increases. The behaviors of the NBE emissions, and YL mainly result from the top surface damage of the GaN film. The BL observed is considered to be associated with the defects into deeper lying regions under the plasma conditions. The results give us evidence that this in-situ PL probe method may lead to potential use for real-time damage monitoring of the GaN film surfaces in the plasma processes. 
